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ABSTRACT 
 
Deformability of a textile fabric is studied experimentally using a) friction test, b) 
out-of-plane compression, and c) bending. These tests reveal that a grafting of the 
fabric with carbon nano-fibres can significantly deteriorate its deformability. 
Therefore an optimal CNF mass fraction should be chosen for a particular production 
case, to obtain a compromise between improved strength and decreased drapability. 
 
 
INTRODUCTION 
 
When producing 3D shaped textile composites, deformability of the fabric is a 
crucial manufacturing issue. Even for a flat part it is not always possible to attain the 
target fibre content. Sometimes the fabric is grafted with carbon nanotubes (CNTs) or 
nanofibres (CNFs), e.g., by their in-situ growth. On the one hand, this modification is 
expected to improve the fibre-matrix interface and crack bridging and, consequently, 
the damage resistance [1]. On the other hand, the deformability is foreseen to be 
altered by numerous inter-fibre links. The present study focuses on a particular case of 
a carbon-fibre fabric having in-situ grown carbon CNFs and aims to detect 
experimentally the effect of grafting, using 1) friction 2) out-of-plane compression, 
and 3) bending tests. For comparison, the base fabric (without CNFs) is tested also. 
All tests are conducted at the ambient conditions (~20°C, ~70% RH). 
 
MATERIALS 
 
Typical woven carbon reinforcement is used as the base material. This 5-harness 
satin weave, Fig.1 (left), is made of 3K untwisted tows of Torayca T300J 7 µm 
diameter fibres. Areal weight of the fabric is 285 g/m2. The fibres are de-sized. 
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 The grafted fabrics (sheets of approximately 26×31 cm) are manufactured using 
the Chemical Vapor Deposition (CVD) technique. First, the base fabric is impregnated 
with Nickel nitrate dissolved in acetone and subsequently placed into a gas chamber, 
where Ni(NO3)2 is reduced with hydrogen at 600°C to obtain Ni particles needed for 
CNF growth. Subsequently the CNFs are grown at the same temperature in a 
hydrocarbon gas mixture. The CNF weight fraction (wt.%) is controlled by varying 
the reaction time. The wt.% is calculated as (MN – M0)/MN, where M0 and MN are the 
initial and after-grafting weights of the specimen, respectively.  
Figure 1 shows typical SEM images. It is seen that the distribution of grafting is 
mostly uniform on the fibres. Higher magnification images show its several 
constituents. First, there are large CNFs (diameter about 100 nm). Second, there are 
thinner CNFs (diameter about 50 nm) with characteristic morphology of branched 
structure. Finally, there are thin 5…20 nm diameter objects; TEM pictures allow 
surmising that they are CNFs too. SEM reveals also that the Ni particles are positioned 
at the ends of CNFs, and that there is no amorphous carbon phase. 
 
   
 
Figure 1. The fabric (left) and SEM images of a Ni-loaded (centre) or 6.5wt.% grafted fibres (right). 
 
 
FRICTION 
 
Simple slope test is performed to measure the dry friction coefficient between the 
pairs fabric-aluminium and fabric-fabric, where either the base or grafted (6.5 wt.%) 
fabric is used. A flat plate is covered with the fabric; “naked” or “dressed” aluminium 
block is placed on it, and then the slope of the plate is changed gradually. The onset of 
slippage is detected visually, and then the corresponding slope is measured and 
directly recalculated into the friction coefficient. 
Different fabric orientations and their combinations are studied as shown 
symbolically in Fig.2. Six measurements are done and averaged for every case; the 
standard deviation is small, in spite of a non-automated way of testing. 
The results show that the grafting significantly increases the friction coefficient in 
the most of the cases. However, for several fabric-fabric orientations, the friction 
decreases after the grafting, Fig 2(b). Reasons of this discrepancy are not yet clear for 
the authors. 
The measurements are done for two contact pressures, to reveal a possible effect 
of nesting. The first assumption was that the nesting (if any) would increase the 
contact surface and, therefore, would increase the friction coefficient too. However 
Fig.2 shows a small but statistically constant decrease of this parameter along with 
increased contact pressure; this phenomenon is also not yet clear. 
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Figure 2. Coulomb friction coefficient (mean values) for fabric-aluminium (left) and fabric-fabric (right) 
pairs. Red symbols – base fabric, blue symbols – grafted fabric. The fabric orientation is denoted as "|" 
for 0° = weft (the weft yarn floats over 4 warp ones), "–" for 90° = warp, "/" for +45°, and "\" for -45°. 
 
 
 
COMPRESSIBILITY 
 
Out-of-plane compression tests are performed at a 0.5 mm/min displacement rate, 
using a self-aligning compression rig (with a ball-pivot bottom platform). The first 
loading is applied without a specimen, to align the platform with the upper plate fixed 
in the moving crosshead. Then several tests are done without a specimen, to establish 
a calibration curve accounting for the rig compliance. Finally three successive 
compression cycles are applied to the specimen to measure its initial and “set” 
compressibility. Series of 2-3 specimens of about 45x45 mm in-plane size are tested 
for each variant of the fabric: virgin, loaded with Ni particles, 6.5 wt.% grafted, and 39 
wt.% grafted. The maximum pressure (0.3 MPa) is limited by the used 1 kN load cell. 
Figure 3 shows typical results; scatter between different specimens of the same 
type is less than 10%. Fig.3 (left) reveals a consistent decrease of compressibility or 
increase of the fabric thickness for a given pressure after grafting.  
The Ni-loaded specimen shows the highest compressibility. For a sized fabric this 
could be attributed to the loss of sizing burnt out at 600°C. However the used fabric is 
already de-sized, and the gas analysis does not show any foreign components during 
the heating. TGA supports this too, showing no loss of the specimen mass at this stage. 
The CNF-grafted specimens show a prominent difference between the first 
loading and the two succeeding cycles; this effect may probably be attributed to 
weaker nano-links crushed during the first loading. For the base fabric as well as for 
the Ni-loaded one this effect is much milder. 
 When expressed in the terms of the fibre volume fraction (including the weight of 
grafting), as shown in Fig.3 (right) for the 1st compression cycle, the trend is as 
follows. For a 0.1 MPa pressure (1 bar, corresponding to the vacuum forming), Vf of 
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the virgin fabric is 52% and decreases to about 38% after the grafting. For these 
approximate calculations of Vf the densities of micro-fibres (MFs) and CNFs are 
assumed to be 1.76 g/cm3. It is also interesting to note that the stiffness curves of 6.5 
and 39 wt.% specimens are close to each other in this figure; this can of course change 
if a higher density would be assigned for CNFs. 
Figure 3 (right) shows also that the higher compression resistance of the CNF-
grafted specimens is not the result of just adding more carbon material inside the 
fabric. If we would virtually add the same mass of MFs into the fabric, its compression 
response would be the same as for the base fabric. But since the real response curves 
go below the base fabric curve, this means that CNFs give a higher resistance than the 
same mass of MFs. This is especially obvious for the 5 wt.% curve which would not 
noticeably approach the base curve even if a twice larger CNF density is used in the 
calculations. Probably this effect can be explained by different fibre re-arrangement 
mechanisms during the compression; while the normal MFs have smooth surfaces and 
thus are able to slide easily, the grafted fibres can be mechanically linked by CNFs 
and thus experience higher friction when sliding on the adjacent MFs. 
 
 
 
Figure 3. Thickness for 3 cycles (left) and Vf for the 1st cycle (right) under compression, vs. pressure. 
 
 
 
BENDING 
 
A variation of the Pierce cantilever test is used to estimate the bending rigidity. A 
narrow (2.5-3.5 cm wide) stripe cut of the fabric is rigidly clamped at one of the ends 
and subjected to the action of its own weight. The weft yarns (=zero direction, they 
float over 4 warp yarns) are oriented along the stripe at its upper (convex) side. 
The curved geometry is captured by a camera equipped with a low-distortion lens. 
The picture is committed into a Matlab applet collecting coordinates of a number of 
points chosen manually along the curve. The curves are shown in Fig.4 visually 
revealing a prominent effect of grafting on the bending stiffness. 
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Figure 4. Bent shapes for the base (left) and 6.5 wt.% grafted (right) fabrics. 
 
Then the elastica numerical solution developed in [2] is employed, being subjected 
to the condition of minimal least squares of the differences with the test data, having a 
constant bending stiffness as the design variable. The calculated results are collected 
in Table 1 which shows that even a small CNF-grafting can significantly increase the 
bending stiffness. It is also seen that a 200 mm span length results in a reduced 
"average" bending stiffness, presumably indicating its nonlinearity in the areas of high 
curvature (near the clamp), while 100 mm and 150 mm spans give quite consistent 
results. Thus the present measurements should be considered as rather qualitative than 
quantitative for severely bent specimens (200, 250 mm spans). 
 
TABLE I. BENDING STIFFNESS 
span length, mm 100 150 200 
base fabric, D0, N·m2 32.5E-6 30.4E-6 16.1E-6 
de-sized, Dd, N·m2 12.9E-6 12.0E-6 12.2E-6 
grafted 6.5 wt.%, D6, N·m2 58.3E-6 52.4E-6 73.4E-6 
grafted 39 wt.%, D39, N·m2 --- 7.8E-4 12.4E-4 
ratio D6 / D0; D39 / D0 1.9; 1.7; 25.7 4.4; 75.1 
 
Actually, the grafted fabric should be compared with the Ni-loaded one and not 
with the material just taken from a bobbin. This would show the full effect of the 
grown CNFs. Such a comparison is not performed in the present study because the 
yarns of the Ni-loaded fabric are very movable and do not allow to keep a good 
specimen geometry. However the Ni-loaded fabric is by touch yet more flexible, so 
the real stiffening effect of CNFs is yet more pronounced than that shown in Table 1. 
 
 
CONCLUSIONS 
 
Deformability of the tested carbon woven reinforcement is seriously affected by its 
grafting with CNFs, as shown by the following examples: 
· the fibre volume fraction, achievable by compaction under a 0.1 MPa pressure, 
decreases from 65% for the base fabric to 41% for CNF-grafted (6.5 wt.%) 
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one. Such a poor compressibility can lower the achievable fibre volume 
fraction for economical vacuum-assisted light-RTM techniques or increase the 
pressure requirements in an autoclave processing. 
· the bending stiffness of a dry fabric is also deteriorated by the grafting, being 
increased by a factor of about 4 even for a 6.5 wt.% of CNFs. 
· the fabric-aluminium and fabric-fabric friction coefficient is also made worse 
by the grafting, being increased in the most of the cases; however, a lower 
friction is detected for several fabric-fabric orientations. 
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